Direct numerical simulations ͑DNS͒ are conducted to study the turbulence-chemical reaction interactions in homogeneous decaying compressible fluid flows. The reaction is of a single-step irreversible Arrhenius type. The results indicate that the heat of reaction has a noticeable influence on the solenoidal and the dilatational turbulent motions. The effect of reaction on the solenoidal velocity field is primarily due to variation of the molecular diffusivity coefficients with temperature and appears at small scales. However, the dilatational motions are affected more than the solenoidal motions and are intensified at all length scales. The decay rate of the turbulent kinetic energy is dependent on the molecular dissipation and the pressure-dilation correlation. In isothermal reacting cases, the net contribution of the pressure-dilatation is small and the turbulent energy decays continuously due to viscous dissipation. In the exothermic reacting cases, the pressure-dilatation tends to increase the turbulent kinetic energy when the reaction is significant. Analysis of the flow structure indicates that the flow is dominated by strain in the reaction zones. Also, consistent with previous studies, the scalar gradient tends to align with the most compressive strain eigenvector and the vorticity vector tends to align with the intermediate strain eigenvector. The heat of reaction weakens this preferential alignment, primarily due to variation in molecular transport coefficients. The spatial and the compositional structure of the flame are also affected by the modification of the turbulence and the molecular coefficients.
I. INTRODUCTION
Modeling of turbulence-chemical reaction interactions continues to present a challenging task for engineers and scientists and remains an active area of research. [1] [2] [3] [4] [5] While there has been significant progress in understanding and modeling of turbulence and chemical reaction separately, much less is known about their coupled behavior. 6 The nonlinear interactions between turbulence and chemical reaction occur over a wide range of time and length scales and involve many different quantities. Our lack of adequate understanding of these interactions imposes serious limitations on the modeling of chemically reactive turbulent flows. For example, the majority of existent turbulence closures which are used for reacting flow calculations are based on those developed for nonreacting flows. These closures are potentially limited and cannot account for important phenomena in turbulent combustion such as the extensive density and molecular property variations, significant dilatational turbulent motions, etc.
Previous numerical and experimental investigations involving flame-turbulence interactions primarily discuss the influence of the coherent structures on mixing and reaction in free shear flows [7] [8] [9] [10] [11] [12] [13] ͑for recent reviews see Givi, 1 Dimotakis, 14 Drummond and Givi, 15 and Coats 16 ͒. The results of these investigations indicate the importance of the large-scale as well as small-scale structures on the mixing and reaction. They also show that these structures are significantly affected by the exothermicity of the reaction and the flow compressibility. The effects of two-dimensional and three-dimensional turbulence on the structure of premixed and diffusion flames in shearless mixing layer are studied by Haworth and Poinsot, 17 Mahalingam et al., 18 and Boratav et al. 19 via direct numerical simulation ͑DNS͒. Their results indicate that the structure of the flame is significantly altered by the turbulence.
Mixing and reaction in homogeneous turbulence have also been the subject of numerous investigations. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] In the majority of these investigations the flow is considered to be incompressible and the scalars are considered to be passive. Leonard and Hill, 25 and Nomura and Elgobashi, 28 study the structure of the reaction zone in homogeneous isotropic and shear incompressible turbulence via DNS. Their results show that the intense reaction rates occur over the regions where the concentration gradient is large and the gradients of the scalars tend to align with the direction of the most compressive eigenvector of the strain rate tensor. The effect of the compressibility on the turbulent mixing in homogeneous shear turbulence is studied by Blaisdell et al. 34 and Cai et al. 35 Their DNS results indicate that the dilatational convective velocity does not contribute noticeably to the mixing of the scalars.
The effects of the chemical heat release on the isotropic decaying and forced turbulence were recently studied by Balakrishnan et al., 36 Jaberi and Madnia, 37 and Martin and Candler, 38 who consider different initial scalar conditions and chemical kinetics. Although these investigations reveal some interesting features of the turbulence-chemical reaction interactions in isotropic turbulence, more detailed studies have to be performed in order to fully understand the complex role portrayed by the combined influences of the turbulence and the chemical reaction in a compressible fluid medium. In this study, we use the data gathered from DNS of isotropic decaying turbulent reacting flows to further elucidate the interactions between turbulence and chemical reaction. The main objectives of this investigation are: ͑1͒ to analyze the flow and the flame structure, ͑2͒ to study the effects of the heat of reaction on different modes of energy, and ͑3͒ to examine the dynamical evolution of the vortical and the dilatational fluid motions and their correlation in the presence of chemical reaction in turbulent flows.
This paper is organized as follows. In Sec. II the governing equations are presented and the computational methodology for solving these equations is explained. The results pertaining to flame characteristics and the effect of heat of reaction on the flow structure, turbulent energy, and the solenoidal and dilatational turbulent motions are presented in Sec. III. A summary of important findings and conclusions is given in Sec. IV.
II. GOVERNING EQUATIONS AND COMPUTATIONAL METHODOLOGY
The primary independent transport variables in a compressible flow undergoing chemical reaction are the density , the velocity components in x i direction u i , the specific energy e, the pressure p, the temperature T, and the mass fraction of species ␣,Y ␣ . The conservation equations governing these variables are expressed as 
The specific energy is the summation of the specific internal (e I ) and kinetic (e K ) energies
and thermodynamic variables are related through the equation of state
All variables in the above equations are normalized using reference length (l 0 ), velocity (u 0 ), temperature (T 0 ), and density ( 0 ) , the specific heat at constant pressure, c p , is constant and in all cases the Lewis number is unity with PrϭScϭ0.7. Also, in all simulations M o ϭ0.6 and ␥ϭ1.4. The gas is assumed to be calorically perfect.
The chemistry is modeled with a single-step irreversible reaction of the type AϩrB→(1ϩr) P ͑rϭ1 in this study͒ with an Arrhenius reaction rate,
The mass fractions and the reaction rates of species 0 is the heat of reaction, K f is the reaction rate parameter ͑assumed to be constant͒, and E a is the activation energy.
Equations ͑1͒-͑4͒ are integrated using the Fourier pseudospectral method 39, 40 with triply periodic boundary conditions. The explicit second-order accurate Adams-Bashforth scheme is used to time advance the variables. All simulations are conducted within a box containing 128 3 collocation points. Aliasing errors are treated by truncating the Fourier values outside the shell with wave number k max ϭ&N/3 ͑where N is the number of grid points in each direction͒. The velocity field is initialized as a random solenoidal, threedimensional field with a zero mean and Gaussian spectral density function. The initial degree of compressibility is con-trolled by varying the ratio of the energy residing in dilatational motions to the total energy. 41 The initial pressure fluctuations are evaluated from a Poisson equation. The initial density field has unity mean value and no turbulent fluctuations and the initial values of the temperature are calculated from Eq. ͑7͒. The initial velocity field is allowed to decay to a ''self-similar'' state, corresponding to a fully developed turbulent flow, before scalar mixing and reaction begin. This corresponds to time tϭ0 on all the figures. The scalar A is specified in the physical domain in such a way as to yield a square wave in the x 2 -direction ͑slabs͒. 32 The slabs are approximated by an error function distribution such that the scalar field varies smoothly in the range 0ϽY A Ͻ1. The scalar values are constant in x 1 Ϫx 3 planes along the x 2 -direction. Cases with four scalar slabs are considered. The initial probability distribution function ͑PDF͒ of the scalar A is approximately composed of two delta functions centered at Y A ϭ0,1. The scalar B is perfectly anticorrelated with A and there are no products P in the domain at initial time.
III. RESULTS AND DISCUSSIONS
Direct numerical simulations of chemically reacting isotropic compressible decaying turbulence are performed. Table I provides the listing of the relevant information about each of the cases studied. The variable n in this table denotes the temperature exponent in Eq. ͑5͒. Cases 1 and 2 are the reference cases in which the reaction is constant rate with no heat release. The magnitude of r CL ͑the ratio of the dilatational kinetic energy to the total kinetic energy as defined below͒ is different in these two cases. The initial value of r CL is very small in case 1 but is significant in case 2. Cases 3-9 are considered to investigate the effects of heat release due to chemical reaction on the velocity, pressure, temperature, density, and scalar statistics. In cases 2 and 9 the initial flow compressibility is higher than the other cases listed in Table I . Case 4 is similar to case 3 but with constant molecular viscosity, conductivity, and diffusivity coefficients. This case is considered in order to isolate the effects of heat release on the molecular transport properties. Case 5 is also similar to case 3 but in this case in addition to Eqs. ͑1͒-͑4͒ an extra energy equation is solved in which the heat release term is neglected. The temperature obtained from this additional equation is used to calculate the pressure and the density. Therefore, in case 5 the effect of heat release on the velocity field is eliminated. Case 5 is considered in order to isolate the effects of heat release on the mixing and reaction. The initial velocity field in case 1 and cases 3-8 are identical with Reynolds number based on Taylor microscale, Re ϭ50.1 ͑Re ϭ50.7 for cases 4 and 5 due to the difference in molecular viscosity͒ and t eddy ϭ1.8 ͑t eddy is the large scale eddy turnover time͒ and exhibits almost no contribution from the dilatational fluid motions. In cases 2 and 9, Re ϭ53.7 and t eddy ϭ1.92 at the initial time.
The temporal evolutions of the statistical quantities as extracted from DNS are of primary importance here. These statistics are obtained by volumetric averaging over all the collocation points. Two of the important statistical quantities are the mean and the variance of a variable ␣ which are denoted by ͗␣͘ and ␣ ϭ͗(␣Ϫ͗␣͘) 2 ͘, respectively. The variance of a vector is defined as the average of the variances of its three components. The three-dimensional ͑3D͒ spectral density function of the variable ␣ ͑␣ϵv,T,p,,A,Z etc.͒ is identified by E ␣ (k). The other important quantities are the local turbulent Mach number, M, and the enstrophy, ⍀, which are defined as
where i denotes the vorticity vector. Of particular interest are the statistics of the solenoidal and the dilatational components of the velocity and the kinetic energy. To obtain these statistics, first the velocity ͑or the kinetic energy͒ is decomposed into the solenoidal and the dilatational parts according to the Weyl decomposition. [41] [42] [43] Then the statistics are calculated for each component separately. In the discussion of the results below, the superscripts ''s'' and ''d'' denote the statistics that are calculated from the solenoidal and the dilatational velocity ͑or kinetic energy͒ components, respectively. For example, E v s (k) and E v d (k) denote the spectral density functions of the solenoidal and the dilatational velocities, respectively.
In the presentation of the results below, the ratios
represent the flow compressibility at small ͑dissipation͒ and large ͑energy containing͒ scales, respectively. 44 The correlation coefficient between two variables a and b, (a,b 
A. Flame characteristics
Characteristics of the flames considered in this study are identified via analysis of the flame structure. In turbulent reacting flows, the spatial and the compositional structure of the flame is dependent on the flow ͑turbulence͒ structure as well as the chemistry parameters. The flame structure is also dependent on the variations of the thermodynamic quantities since the reaction rate is dependent on these quantities. The heat of reaction, in turn, affects the turbulent motions and the thermodynamic variables, hence a two-way coupling exists. In the assessment of the reaction, it is useful to study the reaction rate (wϵϪw A ) and its components; the mixing term (Gϭ 2 Y A Y B ) and the temperature-dependent term ͓F ϭexp(ϪZe/T)͔. In the nonheat-releasing case 1, the reaction is solely dependent on G and its mean values as shown in Fig. 1͑a͒ , after reaching a peak at tϷ2, decay continuously. However, in the heat-releasing cases, the reaction rate depends on both G and F and its maximum mean values occur at different times for different values of Da, Ze, and Ce. Expectedly, ͗w͘ peaks earlier as the values of Da and Ce increase or those of Ze decrease. The mean reaction rate is not, however, very much dependent on the initial flow compressibility as the results corresponding to cases 6 and 9 are very close. A comparison between the results in cases 3 and 4 also indicates that the variation in the magnitudes of the molecular transport coefficients has little effect on the temporal variation of ͗w͘. However, the Reynolds number is strongly affected by the variation in the molecular viscosity. This is illustrated in Fig. 1͑b͒ , where the time evolution of Re is presented. The initial values of Re vary between 50.1 ͑cases 1, 3, 6, 7, and 8͒ and 53.7 ͑cases 2 and 9͒. At t ϭ2.5, when the mean reaction rates for cases 3 and 4 reach their peak values, the values of Re are between 17.5 ͑case 3͒ and 36.4 ͑case 4͒. The Reynolds number in case 4 is higher than that in case 1 due to the amplification of the dilatational fluid motions by the heat of reaction.
In modeling of turbulent reactive flows, the ''flamelet assumption'' is usually invoked. With this assumption, the reaction rate can be directly related to the mixture fraction through the flame surface density, ⌺. 5, 45, 46 In turbulent combustion, the flame surface density is a complex function of the flow and chemistry parameters. Following Pope, 47 we define the average flame surface density as
where ␦ is the Dirac-delta function, Figure 1͑c͒ shows the temporal evolution of the mean flame surface density for different cases. At early times, the values of ͗⌺͘ are relatively low and similar in all cases due to initial conditions. However, the flame surface density increases due to turbulent stretching/folding, and after peaking at 2ϽtϽ3, decays due to scalar mixing and turbulence decay. A comparison among the results for cases 3 and 6 indicates that the late time values of ͗⌺͘ are lower for higher values of the heat release parameter. This is primarily due to variation of the molecular transport coefficients with temperature as the results in the heat-releasing case 4 with constant molecular coefficients are similar to those in nonheat-releasing case 1. This observation is further supported by the results obtained for case 7, which has a higher value of Da than case 6 and exhibits higher temperatures at earlier times. The small-scale scalar fluctuations are dependent on the magnitudes of the molecular transport coefficients and decay faster at higher temperatures, which results in lower values of ⌺. However, it should be noted that the average ٌ͉Y Z ͉ conditioned on (Y Z ) st and probability of (Y Z ) st , which appear in the flame surface density definition ͓Eq. ͑12͔͒, are both affected by the heat release ͑not shown here͒. For case 4, these terms counteract each other and the net effect on the flame surface density is small. A comparison between Figs. 1͑a͒ and 1͑c͒ clearly indicates that the temporal evolution of the mean flame surface density is very different from that of the mean reaction rate and the finite rate chemistry effects are important. Hewett and Madnia, 48 and Pierce and Moin, 49 also found that the finite rate chemistry effects become important under certain reacting flow conditions. To further explain the results in Fig. 1 , the temporal variation of the volumetric averaged values of ln(G), ln(F), and ln(w) for case 3 are considered in Fig. 2 . The results for other heat-releasing cases are qualitatively similar. Figure 2 shows that the evolution of the mean reaction rate is different than the mixing and the temperature-dependent terms. Expectedly, the mean values of the temperature-dependent term, F, are very low at early times but increase significantly by the heat of reaction. The mixing term, G, exhibits behavior similar to that shown for the flame surface density in Fig. 1͑c͒ . The volumetric averaged values of this term increase at early times due to mixing of the reactants and decrease later due to consumption of the reactants. At tϭ2.5, when the mean reaction rate peaks ͑Fig. 1͒, the average values of F and G are comparable, showing the important contribution of both mixing and temperature to the reaction rate.
In order to further identify the role of reaction in the flow field, three regions are defined based on the mean values of w, F, and G at tϭ2.5. at different times. The regions I, II, and III may be associated with the ''reaction region,'' the ''mixing region,'' and the ''hot-product region,'' respectively. The results in Table II are consistent with the results shown in Fig. 6 below, and indicate that at tϭ1 a significant portion of the domain consists of region II. At this time the reaction rate and the temperature are relatively low and regions I and III have a negligible contribution. At tϭ2.5, when the mean reaction rate is significant, most of the field is composed of region I. At later times (tϭ4), when the mean reaction rate is small, the mixing and the reaction occur rarely and the total volume occupied by regions I and II is less than 1% of the computational domain.
The results in Figs. 1 and 2 and Table II show the average behavior of the reaction at different times and do not provide information about the flame structure. The flame structure can be studied by examination of the reactive species in mixture fraction ͑compositional͒ space. Figure 3 shows the scatter plots of the reactants and the product mass fractions in mixture fraction space for case 3. These scatter plots are similar to those of a typical flame with finite rate chemistry effects.
The scatter plot of the reaction rate in mixture fraction space for case 3 at tϭ2.5 is shown in Fig. 4͑a͒ . This figure indicates that the conditional mean value of the reaction rate is the highest at the stoichiometric surface (Y Z ϭ0.5), similar to that observed in Fig. 3 for product mass fraction. However, the variation of the reaction rate in mixture fraction space is different than that of the product mass fraction. To explain this behavior, the scatter plots of G and F parts of the reaction rate are shown in Figs. 4͑b͒ and 4͑c͒. The F term is only a function of temperature and behaves similar to Y P . The behavior of the G term is more complex. This term depends on the density and the product of the reactants' mass fractions, and as shown in Fig. 4͑c͒ attains relatively low values near the stoichiometric surface, mainly due to low values of the density ͓Fig. 4͑d͔͒. At later times (tϾ2.5), as shown in Fig. 2 , the F term is larger than the G term and the scatter plots of w exhibit behavior similar to F and Y P . It should be noted that, due to homogeneity of the flow, the reaction in this study occurs through a constant volume process. Therefore, the mean density is constant but the mean pressure and temperature increase continuously and similarly. Within the reaction zone, the density decreases due to volumetric flow expansion and is lower than unity. Outside this zone the density is higher than unity, as shown in Fig. 4͑d͒ .
It is shown above that in exothermic reacting cases the mixing term and the temperature-dependent term both contribute significantly to the reaction. However, the mean values of these terms evolve very differently. This raises the question of how the local values of these terms are correlated with each other and with the reaction rate. To answer this question, the temporal variation of the correlation coefficient between G and w and that between G and F for case 3 are shown in Fig. 5 . The results for other heat-releasing cases are qualitatively similar and are not shown. It is evident that the G term is not well correlated with the reaction rate when the rate of reaction is significant. This lack of correlation between G and w has a significant influence on the spatial flame structure and is explained below. Figure 6 shows the joint PDF of G and F and the joint PDF of G and w at several different times. At early times (tϭ1), as indicated in Table II , in most of the domain the reaction is insignificant and is confined to the mixing zones. This explains the strong correlation between w and G at early times as observed in Fig. 5 . Also, at early times the temperature increases only in the regions where the reaction takes place and there is a good correlation between F and G ͑Fig. 5͒. The joint PDF plot in Fig. 6͑b͒ confirms that F and G are indeed well correlated. At tϭ2.5, when the mean reaction rate is high, the field is primarily composed of zones with high temperature ͑hot-product region, 26% of the total number of points, and reaction region with GϽ͗G͘,22% of the field͒ and of zones with mixed reactants ͑mixing region, 15% of the field, and low-temperature reaction region with FϽ͗F͘,10%͒. In the zones with mixed reactants the temperature has not yet increased significantly, so GϾ͗G͘ and FϽ͗F͘ in these zones ͓Fig. 6͑d͔͒. In the high-temperature zones, GϽ͗G͘ and FϾ͗F͘. These results are consistent with Fig. 5 , where it is shown that F and G are negatively correlated at tϭ2.5. Although there are regions in the flow with very high values of G and w, in most of the domain the values of G and w are moderate to low ͓Fig. 6͑c͔͒. The points in the domain are relatively evenly distributed among the four regions defined by the lines Gϭ͗G͘ and wϭ͗w͘ on Fig. 6͑c͒ . As a result, the correlation between G and the reaction rate is very low at tϭ2.5 ͑Fig. 5͒. At later times, most of the reactants have already burnt and, as shown in Table II , the field is occupied almost entirely by hot products. At these times, F is almost evenly distributed around its mean ͓Fig. 6͑f͔͒ and the correlation between F and G is low. At elevated temperatures, the exponential term has small spatial variation and F is nearly constant. Therefore, the reaction rate as illustrated in Figs. 5 and 6͑e͒ is highly correlated with G. Figure 6͑e͒ also shows that at tϭ4 there are still some rare regions in which mixing and reaction are both significant.
So far, we have only discussed the influence of various parameters on the reaction. In the following sections the effects of reaction on turbulence are studied. In particular we will show how the turbulence structure, the turbulent energy, the vorticity field, and the dilatation field are affected by the reaction. The influence of the reaction on the thermodynamic variables is also studied. The results are consistent with those of Balakrishnan et al., 36 Jaberi and Madnia, 37 and Martin and Candler, 38 and indicate that the fluctuations of the temperature and pressure increase significantly by the heat of reaction. Although the value of density is minimum at the stoichiometric surface ͓Fig. 4͑d͔͒, its fluctuations increase as the rate of heat release increases. The rate of heat release is dependent on the density, temperature, and reactants' mass FIG. 6 . Joint PDF of ͑a͒ w and G at tϭ1, ͑b͒ G and F at tϭ1, ͑c͒ w and G at tϭ2.5, ͑d͒ G and F at tϭ2. 5 
B. Flow structure
The heat of reaction has a noticeable influence on turbulence structures. This is partially demonstrated in this section via analysis of the strain rate tensor ͓S i j ϭ1/2(‫ץ‬u i /‫ץ‬x j ϩ‫ץ‬u j /‫ץ‬x i )͔ and alignment of its eigenvectors with the vorticity and scalar gradient vectors. The eigenvalues of the strain tensor or the principal strain rates are termed conventionally as ␣, ␤, ␥, with ␣Ͼ␤Ͼ␥. The PDFs of the eigenvalues of the strain rate normalized by the magnitude of total strain (͉e͉ϭ(␣ 2 ϩ␤ 2 ϩ␥ 2 )
1/2 ) for cases 1 and 3 at tϭ2.5 are shown in Fig. 7 . It is observed that although the shape of the PDFs is not substantially affected, the heat of reaction increases the variances of all eigenvalues. In agreement with the previous observations, 22, 25, 50 the values of ␤ are shown to be mostly positive. Also, due to homogeneity in all cases considered in this study ͗␣ϩ␤ϩ␥͘Ϸ0. The reaction has also a noticeable influence on the average values of the principal strain rates. This is observed in Fig. 8 , where it is shown that the magnitudes of ͗␣͘, ͗␤͘, and ͗␥͘ decay faster as the heat release increases. The heat of reaction increases the magnitudes of the molecular transport coefficients and results in faster decay of the turbulence and the strain eigenvalues.
To further examine the effect of reaction on the flow structures, the PDFs of the cosines of angles between the vorticity and the principal strain directions for cases 1 and 3 are plotted in Fig. 9͑a͒ . The angles between the vorticity vector and ␣-, ␤-, and ␥-eigenvectors are denoted by 1 , 2 , and 3 , respectively. Direct numerical simulations of incompressible nonreacting turbulent flows suggest a preferential alignment among the strain eigenvectors, the vorticity vector, and the scalar gradient vector. 22, 28, [51] [52] [53] [54] [55] This preferential alignment is due mainly to local effects associated with the structure and dynamics of vorticity vector and strain rate tensor, 26, [56] [57] [58] although the formation of distinct spatial structures can also affect the alignment. 58 It has been found that the vorticity vector tends to align with the direction of the intermediate ͑␤͒ strain eigenvector and the scalar gradient vector tends to align with the direction of the most compressive ͑␥͒ strain eigenvector. The PDF plots in Fig. 9͑a͒ also show that the vorticity vector tends to be parallel to the ␤-eigenvector and perpendicular to the ␥-eigenvector in both heat releasing and non-heat-releasing cases. The effect of heat of reaction is to decrease the alignment of the vorticity vector with the ␤-eigenvector and to increase the alignment with the ␣-eigenvector. It is interesting to note that these results, as obtained for a homogeneous ͑constant volume͒ flow, agree qualitatively with the results of Nomura and Elgobashi 59 obtained for an inhomogeneous flow with constant molecular coefficients and infinitely fast chemistry. The PDFs obtained for case 4 ͑not shown here͒ are similar to those shown in Fig. 9͑a͒ for case 1. This suggests that the modification of the alignment of the vorticity vector and strain eigenvectors is primarily due to variation of the molecular transport coefficients with temperature.
A more detailed analysis of our results indicates that the alignment between the vorticity vector and the strain eigenvectors is more significantly affected by the reaction in the ''reaction zones,'' where the values of the mixture fraction are close to the stoichiometric values. Our results are also consistent with those obtained by Boratav et al., 19 and indicate that in the reaction zones the flow is dominated by strain rather than rotation. This is demonstrated in Fig. 9͑b͒ , where the PDFs of ⌿, sampled over three different ranges of Y Z , are considered. The strain-enstrophy angle, ⌿, is defined as
where R i j is the rotation tensor. By definition, large values of ⌿ ͑ӷ45°͒ correspond to the strain-dominated flow regions and small values of ⌿ ͑Ӷ45°͒ correspond to the enstrophydominated regions. Figure 9͑b͒ shows that in the reaction zones the flow is dominated by the strain and the vortical fluid motions play a lesser role. The conditional expected values of the enstrophy, conditioned on Y Z , for the heatreleasing cases ͑not shown͒ are also consistent with Fig. 9͑b͒ and indicate that the lowest and highest values are obtained inside and outside the reaction zone, respectively. Figure 9͑c͒ shows the PDF of the cosine of the angle between the scalar gradient vector and the principal strain directions for cases 1 and 3 at tϭ2.5. The angles with ␣-, ␤-, and ␥-eigenvectors are denoted by 1 , 2 , and 3 , respectively. In both cases, the scalar gradient tends to align with the most compressive principal direction of the strain rate tensor as observed previously. 50, 54, 55 Our results ͑not shown͒ also indicate that in both heat-releasing and non-heatreleasing cases the scalar gradient tends to be mainly normal to the vorticity vector. The heat of reaction has little effect on the alignment of strain eigenvectors and the scalar gradient. The main effect of the reaction is that the PDFs of cos( 1 ) and cos( 2 ) are closer to each other in heat-releasing cases. A comparison with the results obtained for case 4 ͑not shown here͒ again suggests that the change in the alignment among strain eigenvectors and the scalar gradient is due to variation of the molecular transport coefficients with temperature.
C. Turbulent energy
In this section the effects of reaction on the turbulent kinetic energy and the energy transfer among different components of the kinetic energy and the internal energy are studied. The effect of heat of reaction on the mean turbulent kinetic energy is shown in Fig. 10͑a͒ . This figure shows that the reaction has little effect on the decay of the turbulent kinetic energy ͑compare cases 1 and 3͒. The reason that the decay rate of the kinetic energy is not significantly affected by the reaction is explained by considering the effects of reaction on different components of the kinetic energy. The turbulent kinetic energy is composed of the rotational ͑sole-noidal͒ and the compressive ͑dilatational͒ components. In the absence of heat release, the values of the dilatational and the solenoidal turbulent kinetic energies decay slowly due to viscous dissipation. However, both components of the kinetic energy are affected by the reaction ͓Figs. 10͑b͒ and 10͑c͔͒. The results in Fig. 10͑b͒ indicate that the solenoidal kinetic energy decays faster due to the heat of reaction ͑compare cases 1 and 3͒. This is primarily due to an increase in the magnitudes of the molecular transport coefficients and turbulent kinetic energy dissipation with temperature. The influence of the heat of reaction on the dilatational component of the kinetic energy is different than that on the solenoidal component. Figure 10͑c͒ shows that the mean values of the dilatational kinetic energy increase significantly due to heat release, despite the fact that the magnitude of turbulent Mach number decreases by the reaction. Figure 10͑c͒ also shows that the generated dilatational motions remain significant, long after the reaction is completed. The results corresponding to cases 3 and 4 indicate that the variation in the magnitudes of the molecular diffusivity coefficients does not have a significant effect on the evolution of dilatational kinetic energy. Figures 10͑b͒ and 10͑c͒ , therefore, explain the results shown in Fig. 10͑a͒ . The solenoidal kinetic energy is affected FIG. 9 . ͑a͒ PDFs of the cosine of the angles between the eigenvectors of the strain rate tensor and the vorticity vector at tϭ2.5, ͑b͒ PDFs of ⌿ for case 3 at tϭ2.5, ͑c͒ PDF of the cosine of the angles between the eigenvectors of the strain rate tensor and the gradient of Y Z .
by the reaction, primarily due to variation in molecular coefficients. In contrast, the reaction increases the values of the mean dilatational kinetic energy. The net effect on kinetic energy would be the summation of the effects on its solenoidal and dilatational components. A comparison between cases 1 and 3 in Fig. 10͑a͒ indicates that the reaction slightly modifies the decay rate of the mean kinetic energy. In case 4, the molecular viscosity is constant and the mean values of the solenoidal energy are not significantly affected by the reaction. However, the dilatational energy increases substantially by the reaction. Consequently, the mean values of the kinetic energy in case 4 are significantly higher than those in case 1. From the results presented in Fig. 10 it can be concluded that the volumetric flow expansion, on average, does not have a significant effect on the solenoidal turbulent motions. Figure 10 shows that the heat of reaction has a significant influence on the turbulent energy. However, this figure cannot reveal how different turbulent scales are affected by the reaction. The interaction between turbulence and chemical reaction occurs over a variety of different length scales and it is important, from both physical understanding and a modeling point of view, to assess the influence of reaction on different flow scales. To address this issue, the 3D spectral density function of the solenoidal and the dilatational velocity for several different cases are considered in Fig. 11 . It is shown in Fig. 11͑a͒ that the large-scale solenoidal velocity field is not noticeably altered by the reaction and is similar in cases with constant and temperature-dependent diffusivity coefficients. However, the small-scale solenoidal turbulent motions are dependent on the magnitudes of the molecular transport coefficients and are affected by the heat of reaction. As compared to case 1, the magnitudes of the molecular coefficients are higher and the small scales decay faster in case 3. The small-scale values of the solenoidal energy in case 4 are slightly higher than those in case 1, since in case 4 a net energy is transferred from the internal energy to the kinetic energy by the pressure-dilatation correlations. This is explained in more detail below, where the transport equations for internal and kinetic energies are considered.
In contrast to the solenoidal velocity spectrum, the dilatational velocity spectrum is significantly affected by the heat release at all length scales. This is demonstrated in Fig.  11͑b͒ , where it is shown that the large-and the small-scale dilatational energy in cases 3 and 4 is significantly higher than that in cases 1 and 5. Nevertheless, the spectra in cases 3 and 4 are very close to each other. This suggests that the dilatational velocity field is modified by the heat of reaction, primarily due to volumetric flow expansion/contraction, and the variation in molecular transport coefficients has little effect.
The effect of the initial flow compressibility on the decay of the mean turbulent kinetic energy for both non-heatreleasing and heat-releasing cases is shown in Fig. 12 . In non-heat-releasing cases, the kinetic energy decays more slowly as the flow compressibility increases. The results in Fig. 12 are also consistent with those in Fig. 10͑a͒ and indicate that the decay of the turbulent kinetic energy is not significantly affected by the heat of reaction when the initial flow compressibility is small ͑compare cases 1 and 6͒. However, the reaction changes the mean kinetic energy, when the initial flow compressibility is significant ͑compare cases 2 and 9͒. An examination of different components of the turbulent kinetic energy for cases 2 and 9 indicates that while the dilatational component increases by the reaction the solenoidal component decreases. Our results ͑not shown͒ also indicate that the effects of reaction on the dilatational turbulent energy and the thermodynamic variables are dependent on the initial flow compressibility. In the cases in which the initial variations in temperature and density are more significant, the variation in the reaction rate would also be more significant and the thermodynamic variables as well as the dilatational turbulent motions are affected more by the heat of reaction.
Energy transfer
To examine the effects of the reaction on the energy transfer between the internal (E I ϭe I ) and the kinetic (E K ϭe K ) energies, the transport equations for ͗E I ͘ and ͗E K ͘ are considered,
are the ''pressure-dilatation,'' the ''viscous-dissipation,'' and the ''heat-release'' terms, respectively. 37 Examination of Eqs. ͑13͒ and ͑14͒ indicates that the heat of the reaction is directly transferred to the internal energy and the mean kinetic energy may only be modified indirectly through the variations in the pressure-dilatation and viscous-dissipation terms. The total energy (E T ϭE I ϩE K ) is only affected by the heat of reaction and is constant in non-heat-releasing cases. In the heat-releasing cases considered here, the values of the internal energy are much larger than those of the kinetic energy and monotonically increase by the heat of reaction.
The rate of variation of the mean kinetic and internal energies, as discussed above, are dependent on the pressuredilatation, viscous-dissipation, and heat-release terms. Detailed examination of each of these terms helps us explain the results in Figs. 10-12. In the heat-releasing cases considered in this study, the magnitudes of the heat-release term are much larger than those of the pressure-dilatation and viscous-dissipation terms and the internal energy varies primarily due to this term. The heat of reaction does not have any direct influence on the kinetic energy. However, the rate of change of the kinetic energy is controlled by the pressuredilatation and the viscous-dissipation terms. Both of these terms as shown in Fig. 13 are affected by the heat of reaction. In the non-heat-releasing case 1, the values of the pressure dilatation oscillate around zero, indicating that the energy is alternatively transferred between the internal and the kinetic energies via this term. In this case, the pressuredilatation term is relatively small as the flow is nearly incompressible. However, consistent with the results of Balakrishnan et al., 36 Jaberi and Madnia; 37 and Martin and Candler, 38 the amplitude of the oscillation of the pressure-dilatation term is significantly increased by the heat of reaction. Figure  13͑a͒ shows that the values of this term in cases 3 and 4 are an order of magnitude larger than those in case 1. Comparisons of the results for cases 1 and 5 and cases 3 and 4 indicate that the variation in molecular coefficients has little effect on the evolution of the pressure dilatation. Temporal variations of the viscous-dissipation term for different cases are shown in Fig. 13͑b͒ . In non-heat-releasing case 1, this term has the dominant effect and decreases ͑in-creases͒ the kinetic ͑internal͒ energy. With the decay of turbulence, the gradients of the velocity and the magnitudes of the viscous-dissipation term decrease. Nevertheless, the magnitudes of this term in heat-releasing case 3 are considerably larger than those in non-heat-releasing case 1. This is due to modification of the molecular coefficients and the smallscale turbulence by the heat of reaction. The most significant difference between the results in cases 1 and 3 occurs at 1.5ϽtϽ3, when the reaction is very important. A comparison among the results in cases 1, 3, and 4 indicates that the magnitudes of the viscous-dissipation term increase prima- rily due to increase in the molecular coefficients. The volumetric expansion/contraction of the fluid elements also slightly increases the magnitudes of the viscous-dissipation term ͑compare cases 1 and 4͒. Interestingly, the long time values of ͗VD͘ in case 3 are smaller than those in case 4, despite the fact that the magnitudes of the molecular coefficients in case 3 are much larger than those in case 4. To explain these observations, it is useful to compare the evolution of ͗VD/͘ for cases 3 and 4. In case 4, ͗VD/͘ ϭ͗VD͘. Figure 13͑b͒ shows that the magnitudes of ͗VD/͘ in case 3 are significantly lower than those in case 4. In case 3, the values of are higher, the ''smoothing'' effects of the molecular viscosity on the velocity gradients are more important, and the magnitudes of ͗VD/͘ decay faster. This explains why the long time values of ͗VD͘ in case 3 are smaller than those in case 4.
The influence of the heat of reaction and the flow compressibility on the viscous-dissipation and the pressuredilatation terms is further assessed in Fig. 14 , where the time integrated values of ͗PD͘ and ͗VD͘ for several different cases are considered. The variation in the mean kinetic energy is equal to the summation of these integrated quantities. Figure 14͑a͒ shows that in non-heat-releasing cases the integrated values of the pressure-dilatation term are relatively small. In the heat-releasing cases, these integrated values are positive and significant. While flow compressibility has little effect in non-heat-releasing cases, it significantly amplifies the effect of reaction on the integrated values of the pressure dilatation in heat-releasing cases ͑compare cases 1, 2, 6, and 9͒. The positive sign of the integrated values of the pressuredilatation term indicates that this term on the average removes energy from the internal energy and adds it to the kinetic energy. In the exothermic reacting flows, as the results in Fig. 14͑a͒ suggest, the role of the pressure-dilatation term is very important and should be considered in the modeling of these flows, particularly when the flow compressibility is significant.
In contrast to the pressure dilatation, the integrated values of the viscous-dissipation term are always negative and increase in magnitude as heat release increases ͓Fig. 14͑b͔͒. In non-heat-releasing cases, the magnitudes of this quantity decrease as the initial flow compressibility increases, which is consistent with the results shown in Fig. 12 . However, in heat-releasing cases the flow compressibility has an opposite effect and enhances the magnitude of the viscous dissipation. This is primarily due to an increase in the dilatational turbulent motions ͑see the discussion corresponding to Fig. 15 below͒.
It is shown above that the turbulent kinetic energy and the terms responsible for its evolution are noticeably affected by the heat of reaction. However, the results in Figs. 10 and 11 indicate that the solenoidal and the dilatational components of the turbulent energy are affected differently by the reaction. It is, therefore, useful to consider the evolution equations for the solenoidal and dilatational energy components. Analysis of these transport equations also helps to better understand the energy transfer process in reacting flows. The interactions between different modes of the kinetic energy and the internal energy in compressible flows are studied in detail by Kida and Orszag, 44 and Jaberi and Madnia. 37 They decompose W i ϭͱu i into the mean, the rotational, and the compressive components. Similar analysis is conducted here. The decomposition of the kinetic energy and also the governing equations describing the evolution of the compressive and rotational components of the kinetic energy for constant molecular transport coefficients are provided by Kida and Orszag 44 and are not given in detail here. It is only adequate to present the evolution equations of the spatially averaged values of the kinetic energy components. These equations are written as
where (E K ) ␤ , ␤ϵR,C,O denotes the rotational, the compressive, and the mean components of the kinetic energy, respectively. In Eq. ͑15͒, ͗(AD) ␤ ͘, ͗(PD) ␤ ͘, and ͗(VD) ␤ ͘ represent the effect of the advection, the pressure dilatation, and the viscous dissipation on the volumetric averaged values of the kinetic energy components and are defined as 44 ͗͑AD͒ ␤ ͘ϵ ͳͩ Ϫu j
where W ␤i ,␤ϵR,C,O denotes the rotational, the compressive, and the mean components of W i , respectively. Our results ͑not shown͒ indicate that in both non-heat-releasing and heat-releasing cases the mean components of the advection, ͗(AD) O ͘, the pressure dilatation ͗(PD) O ͘, and the viscous dissipation, ͗(VD) O ͘, are negligible as compared to the compressive and rotational counterparts.
Temporal variations of the rotational and the compressive components of the advection term for both non-heatreleasing and heat-releasing cases are considered in Fig.  15͑a͒ . This figure shows that in the absence of heat release, the compressive and the rotational components of the advection term fluctuate symmetrically with respect to the horizontal ͑zero-value͒ axis and there is no net contribution to the kinetic energy by these components. In the case with considerable heat release, again the compressive and the rotational components fluctuate symmetrically around the horizontal axis but the amplitude of their oscillations is larger than that in the non-heat-releasing case. Additionally, during the time period that the reaction is significant, the time averaged values of ͗(AD) R ͘ and ͗(AD) C ͘ are positive and negative, respectively. These results are consistent with those of Jaberi and Madnia 37 and indicate that on the average, the energy is transferred from the compressive component of the kinetic energy to its rotational component. To explain this behavior, it is useful to consider the mechanisms responsible for the change in the dilatational fluid motions. In compressible nonreacting flows, the compressibility effects caused by initial conditions or other factors, such as shock waves, enhance the dilatational turbulent motions. 44 The solenoidal fluid motions may also amplify the dilatational fluid motions through the advection term. Alternatively, the energy could be transferred from the dilatational motions to solenoidal motions by the dilatational advection which is the case in our nonreacting simulations. In reacting flows, the heat of reaction modifies the dilatational fluid motions. The modified dilatational field then may affect the solenoidal field. The direction of the energy transfer between the solenoidal and the dilatational components of the kinetic energy depends on the rate of heat release and the energy residing in each component. In case 3, the energy released by the reaction is noticeably large and the net energy transfer is from the dilatational component to the solenoidal component.
The temporal variations of the rotational and the compressive components of the pressure dilatation for cases 1 and 3 are considered in Fig. 15͑b͒ . It is the pressuredilatation term that alternatively transfers energy from the internal energy to dilatational and solenoidal parts of the kinetic energy and vice versa. The results in Fig. 15͑b͒ show that in the non-heat-releasing case, the rotational component of the pressure dilatation is negligible, indicating that the pressure dilatation does not transfer energy to or from the rotational kinetic energy. In the case with considerable heat release, the values of ͗(PD) C ͘ and ͗(PD) R ͘ oscillate around zero but the amplitude of oscillations is significantly higher than in the nonreacting case. Again, consistent with the results of Jaberi and Madnia, 37 the compressive component of the pressure dilatation has magnitudes substantially larger than those of the rotational component. The cases with higher initial flow compressibility exhibit behavior similar to that shown in Fig. 15͑b͒ . The variation of the pressuredilatation term in Figs. 13͑a͒ and 14͑a͒ with reaction and flow compressibility is mainly due to variation of its dilatational component as the solenoidal component is not noticeably affected. The dilatational component of the pressure dilatation changes in magnitude with reaction and flow compressibility.
The influence of reaction on different components of the viscous-dissipation term is shown in Fig. 15͑c͒ . In the absence of heat release, the magnitude of the rotational and compressive components of the viscous dissipation decrease with turbulence decay. In this case, the magnitudes of ͗(VD) R ͘ are much larger than those of ͗(VD) C ͘, suggesting that the dissipation scales are controlled by the vortical motions. Nevertheless, Fig. 15͑c͒ shows that both the rotational and the compressive components are significantly affected by the reaction, although the compressive component is affected more. It is observed that the magnitudes of the ͗(VD) R ͘ in heat-releasing case 3 are higher than those in non-heat-releasing case 1 at tϽ4. The increase in solenoidal dissipation is primarily due to the increase in molecular coefficients with temperature, since the results for cases 1 and 4 are close. The increase in dilatational dissipation is due to both enhancement of the small-scale dilatational velocity fluctuations and increase in molecular coefficients. A comparison between the results in cases 1, 3, and 4 indicates that the magnitudes of ͗(VD) C ͘ increase by almost an order of magnitude with reaction, even if the molecular coefficients are kept constant. Additionally, the magnitudes of ͗(VD) C ͘ decay slowly as compared to those of ͗(VD) R ͘. Consequently, the long time values of the rotational and the compressive dissipation become comparable. Our results ͑not shown͒ also indicate that the temporal evolution of ͗(VD) R ͘ is not very much dependent on the initial flow compressibility in non-heat-releasing cases. However, the values of ͗(VD) C ͘ are higher and are enhanced more by the heat of reaction in cases with higher initial flow compressibility.
D. Enstrophy
The results shown in Fig. 11 indicate that different scales of the solenoidal and the dilatational velocity fluctuations are affected differently by the chemical reaction. While all length scales of the dilatational velocity field are amplified, the small-scale solenoidal motions are primarily affected by the reaction. An important quantity which characterizes these small-scale solenoidal motions is the enstrophy. The temporal variation of the mean enstrophy for several different cases is shown in Fig. 16 . In the absence of heat release, ͗⍀͘ decays monotonically ͑and almost exponentially͒ due to viscous dissipation. However, the heat of reaction influences the mean enstrophy and ͗⍀͘ decays much faster in heat-releasing case 3. To isolate the effect of reaction on the molecular viscosity coefficient from other factors that affect ͗⍀͘, in Fig.   16͑a͒ the temporal evolution of ͗⍀͘ for cases 4 and 5 is also considered. The results corresponding to these cases clearly indicate that the values of ͗⍀͘ are affected by the heat release, primarily due to variations in the molecular transport coefficients. A comparison between cases 1 and 3 in Figs. 16͑a͒ and 10͑b͒ indicates that the effect of reaction on the enstrophy is more significant than that on the solenoidal kinetic energy. This is understandable since the small ͑dissipa-tive͒ flow scales are affected the most.
In contrast to dilatational turbulent motions, the smallscale solenoidal motions are affected similarly by the reaction for different initial flow compressibility. This is demonstrated in Fig. 16͑b͒ , where the decay of the mean enstrophy for cases 1, 2, 6, and 9 are considered. Figure 16͑b͒ is consistent with Fig. 16͑a͒ and shows that the reaction increases the decay rate of the mean enstrophy, regardless of the initial flow compressibility. As mentioned before, initially the summation of the dilatational and solenoidal turbulent energies is the same in all cases. But in cases 2 and 9, the initial values of the solenoidal energy and enstrophy are lower than those in cases 1 and 6. Nevertheless, the long time values of the mean enstrophy in cases 1 and 2 and also those in cases 6 and 9 are very close. The solenoidal kinetic energy, although affected less by the reaction, exhibits a qualitatively similar behavior. These results suggest that in reacting and nonreacting flows the long time values of the ''solenoidal statistics'' are independent of the initial flow compressibility. Of course they are affected by the reaction, primarily due to variations in molecular coefficients.
Enstrophy transport equation
To understand how the chemical reaction affects the vorticity field and to explain the results in Fig. 16 , the terms in the enstrophy transport equation are examined. The transport equation for mean enstrophy reads as
͑17͒
where and S = are the vorticity vector and strain rate tensor, respectively. The solenoidal and the dilatational viscous forces are defined as
where S = s and S = d denote the solenoidal and the dilatational strain rates, and I = is the identity tensor, respectively. Terms I, II, III, IV, and V on the right-hand side ͑rhs͒ of Eq. ͑17͒ are identified as the vortex-stretching, the vorticity-expansion, the baroclinic, the solenoidal-dissipation, and the dilatational-dissipation terms, respectively. The vortexstretching term is responsible for energy transfer among different turbulent scales and usually has a positive sign. The vorticity-expansion term can have a positive or negative contribution to the mean enstrophy, depending on the correlation between the contraction/expansion regions of the flow and the local values of the enstrophy. The baroclinic term changes the mean enstrophy only if the pressure gradient and the density gradient vectors are not aligned. The solenoidal and the dilatational viscous terms decrease the magnitude of mean enstrophy. In low Mach number nonreacting flows, the dilatational-dissipation term is usually negligible.
Temporal evolution of all terms on the rhs of Eq. ͑17͒ for cases 1 and 3 are shown in Fig. 17 . In the non-heatreleasing case 1 ͓Fig. 17͑a͔͒, the magnitudes of the vorticityexpansion, the baroclinic, and the dilatational-dissipation terms are relatively small and the mean enstrophy mainly changes by the vortex-stretching and the solenoidaldissipation terms, as expected for a nearly incompressible flow. The vortex-stretching term has a positive sign and its magnitudes are slightly lower than those of the solenoidal dissipation. As a result, the mean enstrophy decays continuously. The vorticity-expansion and the baroclinic terms oscillate around zero. In the heat-releasing case 3 ͓Fig. 17͑b͔͒, the vortex-stretching and the solenoidal-dissipation terms are still the dominant terms and decrease in magnitude with turbulence decay. However, a comparison between the results in Figs. 17͑a͒ and 17͑b͒ indicates that these terms decay faster in heat-releasing case 3. This is due to higher values of the molecular coefficients in the heat-releasing case. Also, in the heat-releasing case, the magnitudes of terms II, III, and V are comparatively higher than those in the non-heat-releasing case. The baroclinic term is positive and peaks when the mean reaction rate reaches its maximum value. The vorticityexpansion term has magnitudes comparable to the baroclinic term but contributes both positively and negatively to the mean enstrophy. The magnitude of the dilatationaldissipation term also peaks when the mean reaction rate peaks but is lower than that of the vorticity-expansion and baroclinic terms.
The integrated values of all terms on the rhs of Eq. ͑17͒ are shown in Fig. 18 for various cases. The summation of these integrated quantities is equal to the change in the magnitude of the mean enstrophy. The results in Fig. 18 are consistent with those in Fig. 17 , indicating that all terms on the rhs of Eq. ͑17͒ are affected by the heat release. A comparison between the results for cases 1 and 3 in Fig. 18͑a͒ indicates that the integrated value of the vortex-stretching term is significantly decreased by the reaction and reaches a nearly constant value at tϾ4. This is primarily due to variation of the molecular coefficients with temperature, as the results for cases 1 and 4 are very close. In contrast to the vortex-stretching term, the integrated values of the vorticityexpansion and baroclinic terms increase substantially by the heat of reaction. The values of the vorticity-expansion term are lower when the molecular coefficients are kept constant ͑compare cases 3 and 4͒. The baroclinic term exhibits opposite behavior as its integrated values are increased more significantly by the reaction if the molecular coefficients are kept constant. This indicates that the increase in magnitudes of the molecular coefficients weakens the baroclinic generation of the mean enstrophy.
The solenoidal-and the dilatational-dissipation terms are also affected differently by the heat of reaction. While the magnitudes of the solenoidal dissipation decrease by the reaction ͓Fig. 18͑d͔͒, those of the dilatational dissipation increase ͓Fig. 18͑e͔͒. Figures 18͑d͒ and 18͑e͒ also show that the magnitudes of the ͑solenoidal-͒ dilatational-dissipation term in case 4 are ͑higher͒ lower than those in case 3. So, the variation of the molecular coefficients with temperature has the opposite effect on these two viscous terms. The results in Fig. 18͑d͒ are also consistent with those in Fig. 18͑a͒ and indicate that the magnitudes of the solenoidal-dissipation and the vortex-stretching terms decrease by reaction due to enhancement of the molecular coefficients. In contrast, the magnitudes of the vorticity-expansion and the dilatationaldissipation terms increase as the magnitudes of the molecular coefficients increases. It is to be noted that even though the vorticity-expansion, the baroclinic, and the dilatationaldissipation terms are strongly affected by reaction, their contributions to the mean enstrophy remain much less than those of the vortex-stretching and the solenoidal-dissipation terms in all cases. Our results ͑not shown͒ suggest that in exothermic reacting flows while the magnitudes of the baroclinic and the dilatational-dissipation terms are dependent on the initial flow compressibility, the vortex-stretching and the solenoidal-dissipation terms are not noticeably affected by the compressibility. Therefore, the effects of the reaction on the mean enstrophy as shown in Fig. 16͑b͒ are similar in cases with different initial flow compressibility.
Generation of vorticity via baroclinic torque plays an important role in the flame-vortex interactions. 48, 60, 61 Although in the flows studied the baroclinic term does not significantly change the mean enstrophy, it has important local effects on the vorticity field and the flame structure. In the mean enstrophy transport equation, the baroclinic term, Ϫ͗1/ 2 ͓•(ٌ pϫٌ)͔͘ is composed of three vectors; both the magnitude and relative alignment of these are important. The magnitudes of the pressure and the density gradients increase as the pressure and the density fluctuations are increased by reaction. This is shown in Fig. 19͑a͒ , where the volumetric averaged values of the magnitudes of the density and the pressure gradients for cases 1, 3, and 6 are considered. The mean value of 1/ 2 follows closely the trends observed in Fig. 19͑a͒ for density gradient but its magnitudes are increased by less than 15% with reaction. For the isothermal reacting cases, both ٌ͉͉͗͘ and ͗1/ 2 ͘ decrease slowly and continuously due to turbulence decay. In exothermic reacting cases, they peak at the time corresponding to peak reaction rate and decay later. The decrease in the magnitude of the vorticity vector is somewhat balanced by the increase in ͗1/ 2 ͘ in heat-releasing cases. This decrease in ͉͉, as explained earlier, is due to an increase in molecular coefficients with temperature. The second factor which influences the magnitude of the baroclinic term is the alignment of the pressure and the density gradient vectors. The time evolution of the mean value of sin ͑ is the angle between the pressure and the density gradient vectors͒ is presented in Fig. 19͑b͒ . The results in this figure clearly indicate that the reaction has a significant influence on the alignment of these two vectors as ͗sin ͘ increases with reaction. At the time which the mean reaction rate peaks, the density and the pressure gradient vectors tend to be mostly perpendicular. To further examine this behavior, in Fig. 20͑a͒ the PDFs of sin for cases 1 and 3 are compared. The results for case 1 are consistent with those obtained by Kida and Orszag 62 and indicate that the pressure and the density gradients are almost aligned. This alignment is also supported by the high correlation between the pressure and the density which is a consequence of a nearly isentropic process. The PDF of sin is changed by the heat release and attains a peak at sin Ϸ1 and very low values at sin Ϸ0. This indicates that in most of the domain the pressure and the density gradients are perpendicular. Our results ͑not shown͒ also indicate that the pressure and the density fluctuations are poorly correlated when the heat release is significant.
Another quantity which influences the behavior of the baroclinic term is the angle between the vorticity vector and the baroclinic torque (ϭϪٌpϫٌ). The PDFs of the cosine of this angle (cos ) at tϭ2.5 are shown in Fig. 20͑b͒ . The highest probability is at Ϯ1, indicating that and are mostly parallel. In case 1, the PDF is nearly symmetric and the mean value of cos is very small. In case 3, the PDF is slightly skewed toward positive values at 1.5ϽtϽ3.5. Consequently, the mean value of cos is positive and small.
E. Dilatation
It is demonstrated above that the dilatational turbulent motions are substantially modified by the heat of reaction. An important quantity which characterizes the small-scale dilatational turbulent motion is the second moment of dilatation (͗⌬ 2 ͘). This term is almost equal to the dilatation variance since the mean value of the dilatation is nearly zero. with the heat of reaction. This increase is dependent on the rate of heat release and is more significant in cases with higher initial flow compressibility.
To understand how the dilatational fluid motions are affected by the reaction, the transport equation for ͗⌬ 2 ͘ is considered,
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Temporal evolution of the terms on the rhs of Eq. ͑19͒ for cases 1, 2, and 9 are shown in Fig. 22 A comparison between cases 1 and 2 in Figs. 22͑a͒ and 22͑b͒ reveals the effects of compressibility on terms on the rhs of Eq. ͑19͒. While in case 1 the values of term III are comparable to other terms, they are relatively insignificant in case 2. This suggests that the correlation between the dilatational and the solenoidal velocity fields is small and is not significantly affected by the flow compressibility. The flow compressibility has, however, a significant effect on other terms. For example, the magnitudes of term I in case 2 are much higher than those in case 1. In both cases this term has a negative contribution. The behavior of term II is also very different in cases 1 and 2. This term decreases the fluctuations of the dilatation in case 1. In the cases with significant initial compressibility ͑case 2͒, the reverse is true and term II has the most significant positive contribution. The magnitude of term IV increases substantially by the flow compressibility, as expected. The viscous terms V and VI exhibit similar behavior in cases 1 and 2. Term V always contributes negatively to the values of ͗⌬ 2 ͘ but the contribution of term VI is always positive. The magnitudes of term V are larger than those of VI resulting in a net negative contribution to the dilatation variance by the viscous terms.
It is shown in Fig. 21 cantly affected by the heat of reaction. It is, therefore, not surprising that all terms contributing to ͗⌬ 2 ͘ are also affected by the reaction. In fact, Fig. 22͑c͒ shows that with the exception of term III the magnitudes of all terms on the rhs of Eq. ͑19͒ increase by more than an order of magnitude with reaction. Nevertheless, the behavior is similar in non-heatreleasing and heat-releasing cases 2 and 9, indicating that terms II and V have the most significant positive and negative contributions, respectively. Close examination of the results in Figs. 22͑b͒ and 22͑c͒ indicates that the values of term III in cases 2 and 9 are small and comparable. This again suggests that the vortical and the dilatational velocity fields are weakly correlated.
IV. SUMMARY AND CONCLUSIONS
Direct numerical simulations are conducted of chemically reacting homogeneous compressible fluid flow under non-heat-releasing ͑isothermal͒ and heat-releasing ͑exother-mic͒ non-premixed reacting conditions. The chemistry is modeled with a one-step irreversible reaction and with a rate coefficient of an Arrhenius type.
Examination of the compositional flame structure indicates that the finite rate chemistry ͑or temperature dependency͒ effects are important and the reaction rate exhibits behavior different than the flame surface density. During the time that the reaction is significant, the ''mixing'' term (G ϭ 2 Y A Y B ) and the ''temperature-dependent'' term ͓F ϭexp(ϪZe/T)͔ have comparable mean values. Also, at this time the mixing term is not well correlated with the reaction rate. While the values of the temperature-dependent term are high at the ''reaction zones,'' those of the mixing term are dependent on the spatial density variations and are often low in these zones. Additionally, in the reaction zones the flow is dominated by strain rather than rotation and the scalar gradient is mostly aligned with the most compressive eigenvector of the strain rate tensor. Consistent with the previous observations, the heat of reaction decreases the alignment between intermediate strain eigenvector and vorticity vector, particularly near the reaction zones.
The results of simulations with isothermal reaction are in accord with the previous findings and indicate that the flow undergoes a nearly isentropic process and the pressure and density fluctuations are very well correlated. However, in exothermic reacting simulations, the dilatational ͑compres-sive͒ turbulent motions at all length scales are significantly intensified by the heat of reaction. The effect of reaction on the dilatational velocity field is enhanced as the initial flow compressibility ͑the initial fluctuations in dilatational velocity and thermodynamic variables͒ increases. Analysis of the transport equation for dilatation variance (͗⌬ 2 ͘) indicates that the magnitudes of ͗⌬ 2 ͘ and almost all terms contributing to its evolution increase substantially with increase in the initial flow compressibility and/or the heat of reaction. The exothermicity of the reaction also increases the fluctuations of the thermodynamic variables at all length scales. In contrast to the dilatational velocity field, the low order moments of the solenoidal ͑rotational͒ velocity field and the scalars are not significantly affected by the reaction. This is because the large-scale solenoidal velocity field is not directly affected by the reaction and the solenoidal and dilatational velocity fields are poorly correlated. However, the small-scale rotational turbulent motions and the related quantities such as the enstrophy are noticeably influenced by the heat of reaction. This is primarily due to variation of the molecular transport coefficients with temperature and the volumetric flow expansion/contraction has lesser effect. Analysis of the enstrophy transport equation indicates that the effects of baroclinic torque increase as the heat release and/or the initial flow compressibility increases. Nevertheless, the contributions of the baroclinic torque and the vorticity expansion are much less than those of the vortexstretching and the solenoidal viscous-dissipation.
Examination of the energy transfer among different modes of the kinetic energy and the internal energy in exothermic reactive flows indicates that the energy of the reaction is transferred to the compressive component of the kinetic energy by the compressive component of the pressuredilatation correlations. The advection term then transfers the energy from the compressive component of the kinetic energy to its rotational component. The compressive and the rotational components of the turbulent advection and the compressive component of the pressure-dilatation exhibit significant oscillations in time. The amplitude of these oscillations enhances due to the heat of reaction. The compressive component of the viscous dissipation also increases in magnitude as a result of the energy transfer from the internal energy to the compressive component of the kinetic energy. The effects of reaction on pressure dilatation and viscous dissipation increase with the flow compressibility due to strong coupling between the ''turbulence-generated'' and the ''heat-generated'' dilatational fluid motions. Also, in all cases considered, the rotational and the compressive components of the kinetic energy are poorly correlated.
The results presented in this paper reveal the intricate physics of the two-way interactions between turbulence and chemical reaction. The future models of the turbulent reacting flows have to account for these interactions. We are utilizing the DNS results obtained from this work to develop new subgrid scale models in Large Eddy Simulations ͑LES͒ of turbulent reacting flows. We are specifically interested in how the subgrid stresses and scalar fluxes and the corresponding models in LES are affected by the chemical reaction. The behavior of the subgrid unmixedness in reacting flows is also of interest and is being studied using the data of this work.
In this study, the turbulent Mach number and the flow compressibility are relatively small. The turbulence is also decaying due to lack of any mean velocity gradient or shear. Analysis of the flame-turbulence interactions in highly compressible and supersonic homogeneous and inhomogeneous chemically reactive turbulent flows would be the next challenging tasks.
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